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Our	 study	highlights	 the	 importance	of	 sex-	specific	differences	 in	 life-	history	 traits	
along	a	latitudinal	gradient,	with	evident	implications	for	a	wide	range	of	studies	from	
individual	to	ecosystems	level.






Young,	 Fox,	 &	 Ashton,	 2006;	 Cox,	 Barrett,	 &	 John-	Alder,	 2008).	
Several	 theories	 have	 attempted	 to	 explain	 the	 variation	 in	 SSD	
by	 different	 factors	 including	 sex-	dependent	 differences	 in	 sexual	
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that	 the	magnitude	of	SSD	tends	to	 increase	with	 increase	 in	body	
size	when	males	are	the	larger	sex	and	to	decrease	with	increase	in	
size	when	 females	 are	 larger	 (Fairbairn,	 1997).	 Consequently,	male	







A	 general	 assumption	 is	 that	 response	 of	 sexes	 is	 similar	 to	
changes	 in	 environment,	 but	 some	 studies	have	 shown	differential	
sensitivity	 of	 males	 and	 females	 to	 environmental	 factors	 such	 as	
temperature	 (Fairbairn,	 2005),	 thus	 potentially	 promoting	variation	
in	 SSD.	 When	 environmental	 conditions	 improve,	 the	 sex	 that	 is	
more	sensitive	may	achieve	optimal	size	more	readily	than	in	poorer	
conditions	 resulting	 in	 an	 increase	 in	 SSD	 (Vedder,	Dekker,	Visser,	
&	Dijkstra,	2005),	hence,	consistent	or	counter	to	Rensch’s	rule	de-









rule	 (Bergmann,	 1848;	 ref.	 in	 James,	 1970)	 describes	 geograph-
ical	 size	 variation.	 In	 addition,	 as	 Rensch’s	 rule	 depends	 on	 body	
size	variation,	 it	has	been	suggested	 that	Bergmann’s	 (or	 converse	
Bergmann’s)	 rule	 may	 relate	 to	 sexual	 size	 differences	 and	 their	
putative	 selective	 causes	 (Blanckenhorn	 et	al.,	 2006).	 Bergmann’s	
rule	 states	 that	 the	body	 size	of	 a	widely	distributed	 animal	 clade	
increases	with	latitude.	While	the	direct	applicability	of	Bergmann’s	
rule	 is	 unestablished	 (Blanckenhorn	 et	al.,	 2006;	Meiri,	 2011),	 the	








Bergmann’s	 rule)	 are	 common	 in	 many	 ectotherms,	 such	 as	 frogs	
and	salamanders	 (Adams	&	Church,	2008;	Miaud	et	al.,	2001),	and	
in	several	fish	species,	body	size	decreases	toward	the	poles	(New,	
Hulme,	 &	 Jones,	 1999;	Vázquez	 &	 Stevens,	 2004).	 In	 ectotherms,	
such	as	fish,	the	temperature-	associated	shorter	growing	season	at	
higher	latitudes	may	limit	body	size	(Blanckenhorn	&	Demont,	2004).	
However,	 Bergmann’s	 rule	 for	 fish	 is	 still	 relatively	 under	 studied	
(Rypel,	2014).
In	 terms	of	 growth	or	body	 size	plasticity,	 fish	are	 an	 interest-
ing	 group	 because	 fish	 display	 allometric	 growth,	which	 enables	 a	
faster	 response	 to	 changing	 environmental	 conditions	 relative	 to	
many	 endothermic	 animals	 (Arnold,	 Ruf,	&	Kuntz,	 2006;	Wootton,	
2012).	 Temperature	 is	 the	 most	 important	 environmental	 variable	
governing	metabolic	activity	(Brown,	Gillooly,	Allen,	Savage,	&	West,	
2004)	 and	 induces	 considerable	 phenotypic	 plasticity	 in	 body	 size	
of	 ectothermic	 animals	 (Angilletta	 &	 Dunham,	 2003).	 Generally,	
growth	of	fish	increases	with	increase	in	temperature	to	a	species-	









to	 the	 fecundity	advantage	hypothesis	 (Darwin,	1871;	Shine,	1978),	
female-	biased	SSD	 is	due	 to	 selection	 favoring	 a	 large	body	 size	 to	
ensure	higher	reproductive	success,	which	also	leads	to	the	inverse	of	
Rensch’s	rule	(Fairbairn,	1997).
Here,	we	 analyze	 the	 latitudinal	variation	 in	 sexual	 dimorphism	
in	 life-	history	 traits	 in	 European	 perch	 (Perca fluviatilis	 L.)	 by	 using	
a	 comprehensive	 field	 data	 from	 core	 distribution	 (50ºN)	 to	 the	
northern	distribution	limit	(69ºN).	Perch	is	one	of	the	most	common	







umented	 in	 several	 papers	 (Heibo,	Magnhagen,	 &	Vøllestad,	 2005;	
Le	Cren,	 1951;	Thorpe,	 1977).	 Perch	displays	 female-	biased	 sexual	
dimorphism	 in	 size,	 growth,	 and	maturation	 (Heibo	 &	Magnhagen,	








ferences	 in	 growth	 and	 size	would	 decrease	 toward	 higher	 latitude	
and	would	 produce	 a	 pattern	 of	 SSD	 contrary	 to	 the	 prediction	 of	
Rensch’s	rule.	Finally,	possible	explanations	for	observed	patterns	of	
SSD	are	discussed.
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toral	 and	 pelagial	were	 sampled	 to	 assess	 the	 putative	 presence	 of	
divergent	perch	morphs	 (Svanbäck	&	Eklöv,	2003).	However,	we	did	
not	find	signs	of	perch	population	divergence.	The	data	included	2736	
individuals:	1139	males	 (42%)	 and	1597	 females	 (58%)	 (Table	1).	At	
latitudes	 from	 69	 to	 50°N,	 the	 annual	 average	water	 temperatures	
	increase	from	2	to	9°C	(Straškraba,	1980)	and	the	length	of	the	grow-
ing	 season	 from	 110	 to	 190	days	 (Rötzer	 &	 Chmielewski,	 2001).	
Latitude,	 longitude,	 altitude,	 lake	 surface	 area,	 and	 total	 phospho-
rus	concentration	were	measured	from	all	study	lakes.	Water	quality	





2.2 | Length increment, maturity, and sexual 
size dimorphism
Sex,	total	length	(accuracy	1	mm),	and	weight	(0.1	g)	were	measured,	
and	opercula	were	 cleaned	 for	 age	 and	back-	calculated	growth	de-
terminations	(Bagenal	&	Tesch,	1978).	The	length	or	age	at	maturity	
data	was	not	available	for	all	of	the	lakes	studied,	but	length	and	age	
at	maturity	 are	known	 to	correlate	positively	with	 latitude	 in	perch	
(Heibo,	2003;	Heibo	et	al.,	2005).	As	the	data	analyzed	here	showed	
a	similar	pattern,	age	at	maturity	was	estimated	according	to	Heibo	









i; Lc, Sc	=	length	of	fish	or	radius	at	the	time	of	capture;	and	b =	growth	
coefficient	i.e.	the	slope	of	the	relationship	between	otolith/opercu-
lum	radius	and	length.
The	 between-	sex	 and	 latitudinal	 differences	 in	 the	 annual	 (a)	






























































































































































































































































































































































































































where	A	 is	 the	mean	size	of	 the	 largest	 sex	and	B	 is	 the	mean	size	
of	the	smallest	sex.	Sex-	specific	mean	sizes	for	SDI	calculation	were	




of	variables	were	used	 to	 identify	 the	most	 important	environmen-
tal	variables	explaining	the	variation	in	SDIs.	Environmental	variables	
(latitude,	 longitude,	 altitude,	 lake	 surface	 area,	 and	 total	 phospho-
rus	concentration)	were	entered	 in	 the	multiple	 regression	analysis,	




The	 latitudinal	variations	of	 length	at	age	 (ANOVAR;	F[3,924]	=	6.92,	
p < .001)	and	length	increment	(ANOVAR;	F[3,924]	=	2.10,	p = .010)	of	
perch	were	 sex-	dependent	 (Figure	1).	Overall,	 the	 growth	 of	 perch	
decreased	 with	 increase	 in	 latitude	 (ANOVAR;	 F[3,924] =	131.07,	
p < .001),	 and	 the	 length	 at	 age	 of	 females	was	 larger	 than	 that	 of	






F[1,84] =	14.38,	p < .001),	despite	no	sex-	dependent	differences	in	age	
groups	 2	 and	 6	 (Table	2;	 Figure	1).	 At	 latitude	 60°N,	 females	were	
overall	larger	than	males	(ANOVAR;	F[5,76] =	5.54,	p = .012),	indicated	
by	sex-	dependent	differences	 in	age	groups	2–6	 (Table	2;	Figure	1).	










tude	 69°N,	 females	were	 larger	 (ANOVAR;	 F[5,658]	=	5.26,	 p = .012)	
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The	average	age	varied	 significantly	between	all	 latitudes	 (ANOVA,	
F [3,2736]	=	177.53;	 p = .001),	 as	 the	 oldest	 fish	 were	 found	 at	 lati-
tude	 69°N	 and	 youngest	 at	 latitude	 60°N	 (Table	1).	 Males	 were	
1.2–1.5	years	 younger	 than	 females	 at	 latitudes	 60,	 63,	 and	 69°N	
(ANOVA;	F[3,2728]	=	17.69,	p < .001),	but	at	latitude	50°N,	the	average	
age	of	females	and	males	was	the	same.	The	age	at	maturity	increased	














the	 length	at	maturity	 increased	with	 latitude,	but	 latitudinal	 trends	
were	 generally	 steeper	 in	 females	 than	 in	 males.	 Accordingly,	 the	
magnitude	 of	 SSD	 diminished	 in	 concert	 with	 increase	 in	 latitude,	
suggesting	 stronger	 sensitivity	 of	 females	 to	 latitudinal	 variation,	
because	female	body	size	showed	an	 increased	plasticity	relative	to	
males.	Thus,	perch	did	not	follow	Rensch’s	rule	in	the	present	study,	
but	 showed	 the	exact	 converse	pattern.	 In	 contrast,	our	 results	 are	
consistent	 with	 the	 conception	 that	 growth	 response	 can	 be	 sex-	
specific	 to	 environmental	 conditions	 (Bonduriansky,	 2007;	 Stillwell,	
Blanckenhorn,	Teder,	Davidowitz,	&	Fox,	2010).	 In	addition,	studies	
that	describe	the	inverse	of	Rensch’s	rule	(e.g.,	Fairbairn,	1997)	sug-
gest	 that	 SSD	 results	 from	 fecundity	 selection	 favor	 larger	 female	
size.	This	 likely	holds	also	for	perch,	because	the	fecundity	of	perch	
	increases	with	female	body	size	(Olin	et	al.,	2012).








between	 food	 acquisition	 and	 prevailing	 environmental	 conditions	
(Holtby	 &	Healey,	 1990).	 In	 optimal	 environmental	 conditions	 (e.g.,	






ers,	which	 are	 often	 females	 (Estlander	 et	al.,	 2015;	 Horppila	 et	al.,	




specific	 responses	 to	variation	 in	 environmental	 conditions,	may	 be	
also	responsible	for	shaping	SSD	patterns	in	perch.
In	addition	to	latitudinal	variation	in	SSD,	perch	displayed	an	over-





Age (years) and 
sample size
Latitude (°N)
50° 60° 63° 69° 50° 60° 63° 69°
Annual	length	increments Length	at	specific	age
1(n	=	292) 0.0323 0.6873 0.1878 0.0158 0.0323 0.6873 0.1878 0.2050
2(n	=	293) 0.2492 0.4996 0.6628 0.2121 0.0224 <0.0001 0.2193 0.6220
3(n	=	316) <0.0001 0.1538 0.2625 0.0473 0.0007 <0.0001 0.1484 0.2850
4(n	=	485) 0.0009 0.0274 0.0220 0.1588 <0.0001 <0.0001 0.0436 0.1190
5(n	=	350) 0.0026 0.0213 0.0232 0.0190 <0.0001 0.0010 0.0383 0.0406
6(n	=	260) 0.0735 0.1568 0.0063 0.0058 <0.0001 0.0290 0.0132 0.0105




(Angilletta,	 Steury,	&	 Sears,	 2004).	Corroborating	our	 results,	Heibo	










growth	 to	 reach	a	 larger	 size	at	 the	expense	of	gonad	growth,	 sug-
gesting	a	 trade-	off	between	 individual	energy	allocations.	Year-	class	
strength	 of	 perch	 populations	 at	 distribution	 limit	 is	 also	 known	 to	
be	highly	dependent	on	temperature	(Hayden,	Harrod,	&	Kahilainen,	
2014;	Tolonen,	Lappalainen,	&	Pulliainen,	2003)	that	may	also	promote	








latitude	 (temperature,	 duration	of	 the	 growing	 season,	 productivity)	
directly	and	indirectly	regulates	several	abiotic	and	biotic	factors	and	
therefore	potentially	also	affect	the	trophic	interactions	between	spe-
cies	 (Jeppesen	 et	al.,	 2010).	Accordingly,	 our	 results	 suggest	 that	 in	
addition	 to	 sex-	specific	 sensitivity	 to	 environment,	variation	 in	 SSD	
could	result	from	sex-	specific	differences	in	 longevity,	age	structure,	
or	differences	in	diet.	Further	field	and	experimental	studies	combin-
ing	 sex-	specific	dietary,	 size	 structure,	 and	 life-	history	 trait	data	are	
needed	to	assess	these	patterns.
Some	studies	have	suggested	that	different	timing	of	maturity	be-
tween	 the	 sexes	may	 be	 responsible	 for	 the	 level	 of	 SSD	 exhibited	
by	a	species	(Fairbairn,	1990;	Gibbons	&	Lovich,	1990).	These	studies	










































Age at maturity 
(years)
Length at maturity (mm)
Males Females
50° 2	±	0.18 131	±	17 138	±	21
60° 3	±	0.21 126	±	21 154	±	24
63° 4	±	0.27 142	±	20 164	±	25





Latitude 0.731 13.561 .0001
Longitude −0.018 −0.142 .889
Altitude −0.146 −1.614 .122
Lake	size −0.149 −1.466 .158

























prey	fish	communities,	but	 remains	 to	be	evaluated	 in	experimental	
and	field	 studies.	Therefore,	we	argue	 that	growth	 rate,	 rather	 than	
timing	of	maturity,	maybe	a	more	significant	factor	behind	SSD	vari-
ation	 in	perch.	 It	must	be	noted,	however,	 that	 it	 is	difficult	 to	 rank	
these	two	factors	in	order	of	importance,	as	these	life-	history	traits	are	
highly	correlated	(Stearns,	1992).



























of	both	 (e.g.,	Kuparinen	&	Merilä,	2007),	and	 thus,	more	 research	 is	
needed,	such	as	common	garden	experiments,	 to	better	understand	









the	 sexes	 in	fish.	 In	general,	understanding	 the	causes	behind	body	
size	variation	is	particularly	important	in	fish	as	it	is	related	to	fecun-
dity	 and	 survival.	 Our	 results	 of	 growth	 and	 sexual	 maturity	 of	 an	
abundant	fish	in	European	lakes	suggest	that	sex	has	an	important	role	
in	determining	 life-	history	 traits,	but	may	have	 implications	on	 indi-
vidual	metabolism,	 predator–prey	 relationships,	 and	 size	 structuring	
of	fish	populations	in	lakes.	We	conclude	that	follow-	up	studies	from	
individual	 to	ecosystem	 level	 scale	 are	needed	 to	assess	potentially	
holistic	consequences	of	sexual	size	dimorphism.
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